Abstract Allopolyploidy is a common feature in many angiosperm genera. The perennial wild relatives of soybean in the genus Glycine include at least nine recently formed (within the last million years) allopolyploid taxa. This study examined three allopolyploid and four diploid progenitor taxa using genome-wide single nucleotide polymorphisms (SNPs) and network analysis. Genotyping by sequencing (GBS) was used to generate SNPs and results were compared with previous analyses from transcriptome data. Three lanes of Illumina sequencing produced genotypes for 70 accessions and an alignment of 22 806 SNPs across eight taxa with no missing data. The alignment combined with network analysis confirmed results from previous studies. In addition, the extended sampling made possible by GBS identified accessions that have either been misclassified or samples that came from mixed seed stocks. The most intriguing results are the discovery of previously unrecognized substructure within diploid taxa, and the likelihood that allopolyploids were derived from particular subgroups. Separation of allopolyploid SNPs into SNPs derived from homoeologous progenitor species indicate that allopolyploids no longer share genotypes with their diploid progenitors but have evolved separately long enough for signals from direct progenitor genotypes to be obscured.
Introduction
Deciphering the evolutionary history of a polyploid species is complicated by many factors, beginning with distinguishing autopolyploids (typically formed within a single species) from allopolyploids (the products of hybridization, generally between substantially differentiated species; see Doyle & Sherman-Broyles, 2017 for further discussion). Allopolyploids are, by definition, the products of reticulate evolution, thus having all of the complications associated with hybrids in phylogeny reconstruction and evolutionary biology (e.g., Soltis & Soltis, 2009) . Allopolyploids are considered "fixed" hybrids because limited interaction between their homoeologous genomes and their diploid meiotic behavior impedes segregational loss of the contributions from their progenitors. However, their two homoeologous genomes can "fractionate", leading to the loss of homoeologous variation (Langham et al., 2004; Schnable et al., 2011) , sometimes within the first few generations , and possibly with one genome dominant over the other (Freeling et al., 2012) ; a whole-genome perspective of allopolyploids is thus important for understanding their evolution. Polyploids often arise multiple times from the same diploid progenitor species, with or without subsequent gene flow at the polyploid level, adding yet more complexity to the task of understanding their evolution (Soltis & Soltis, 2009) . Genotyping by sequencing (GBS; a particular method of RADSeq, restriction siteassociated sequencing), (Elshire et al., 2011; Andrews et al., 2016) involves restriction enzyme digests and illumina sequencing to assay genome-wide variation (Davey et al., 2011; Zimmer & Wen, 2015) . Along with their many benefits, however, GBS data also result in an extra layer of complexity from the methodological point of view, especially in nonmodel species that combine two genomes (Buggs et al., 2012; Ilut et al., 2012) . In addition to technical data-handling issues, the reticulate nature of allopolyploid origins violates the assumptions of a standard phylogenetic analysis, requiring alternatives such as network approaches (Jones et al., 2013) .
The plant genus Glycine (Leguminosae; Phaseoleae) comprises around 30 species, split between the annual, Asian subgenus Soja with two species-soybean (G. max (L.) Merr.) and its direct progenitor (G. soja Siebold & Zuccarini)-and the perennials of Australian subgenus Glycine (Sherman-Broyles et al., 2014) . The subgenera shared a common ancestor around 5 million years ago (MYA; (Innes et al., 2008 ) that with 2n ¼ 40 was already polyploid relative to other phaseoloid legumes (Egan & Doyle, 2010) ; opinions differ about whether the polyploidy event involved hybridization (Gill et al., 2009) or was autopolyploid (Garsmeur et al., 2014) . The perennials are considered predominantly autogamous, with both cleistogamous and chasmogamous flowers (reviewed in Sherman-Broyles et al., 2014) .
Among the perennial species of Glycine is a complex of eight polyploid species that exemplifies the problems associated with allopolyploid evolution (Sherman-Broyles et al., 2014) . These species, several of which originated multiple times from different genotypes of the same two diploid progenitors, unite genomes of eight diploid species in various combinations; the genomes that became homoeologous subgenomes in these allopolyploids are currently found in extant diploid species, which are considered the likely progenitors of the polyploids . Six of these allopolyploid species, along with several diploid taxa, were originally classified as G. tomentella sensu lato (s.l.) and designated as "races" or "groups" (diploid taxa designated D1-D5; tetraploids designated T1-T6), but genetic and molecular analyses over the past 30 years have determined that these taxa are each reproductively isolated from all other groups and thus are biological species. Several of the allopolyploids and their diploid progenitors remain un-named, due largely to the complexity of morphological evolution in this reticulating complex. Whereas diploids (2n ¼ 38, 40) of subgenus Glycine are confined completely to the Sahul (Australia and the area connected to it during Pleistocene glacial maxima; (Lewis et al., 2013) ), five of the polyploid species are found outside Australia and Papua New Guinea, notably on Taiwan, China (including G. dolichocarpa Tateishi & Ohashi T2, which we study here), suggesting that these taxa, like many polyploids, are more adaptable than their progenitors and are even invasive (Otto & Whitton, 2000; Pandit et al., 2011; te Beest et al., 2012) . Moreover, both the origin and colonization of the polyploids appears to be relatively recent, with several species probably originating less than 500 000 years ago (Doyle et al., 1999; Bombarely et al., 2014) .
Three of the allopolyploid species have been the focus of several previous investigations and are included here (Fig. 1) . The most studied is G. dolichocarpa T2 Coate et al., 2013; Coate et al., 2014; Coate et al., 2016; Powell & Doyle, 2016) . The other two, G. tomentella s.l. T1 and T5, require formal nomenclatural recognition because G. tomentella Hayata sensu stricto (s.s.) is a fourth allopolyploid species not included here (Gunner & Doyle, 2014; Doyle & ShermanBroyles, 2017) , and G. tomentella sensu lato includes two other allopolyploids, designated T3 and T6. Of the diploid species contributing to the tomentella complex, G. syndetika (formerly G. tomentella s.l. D4) and G. tomentella s.l. D1/D2 have limited geographic ranges and collections. Two others have more widespread ranges: G. tomentella s.l. D3 is found in northern Queensland and Papua New Guinea, while G. clandestina Wendl. is found across eastern Australia (Pfeil et al., 2001) . The diploid species in this study belong to three separate Glycine genome groups (Hymowitz et al., 1998) designated by letters A, D and E. These separate groups of species are reproductively isolated, while species within a genome group can exchange genes at the diploid level at varying levels of success (Ratnaparkhe et al., 2011; ShermanBroyles et al., 2014) .
Here we explore the utility of GBS for identifying polyploid species and their diploid progenitors. The availability of the soybean reference genome (Egan & Doyle, 2010; Schmutz et al., 2010) allows the identification of a tremendous number of SNPs compared to other species that lack a closely related model species (Stetter & Schmid, 2017) . Analysis of SNP data with a commonly used network method (Huson & Bryant, 2006) permits the ready identification of allopolyploids and their relationships to diploid progenitors. We also compare GBS data with previously analysed transcriptome data from Glycine allopolyploids . Here we have nearly tripled the sampling of the previous study at a relatively low cost.
Material and Methods

Germplasm
Seed stocks from the Commonwealth Scientific and Industrial Research Organization (CSIRO) from 70 separate accessions (see Table 1 ) were used to generate tissue for DNA extraction. DNA extractions followed the CTAB method (Doyle & Doyle, 1987) .
Reduced representation library construction and sequencing
Library construction and illumina sequencing were conducted by the Cornell Institute for Genomic Diversity Facility in 2013-2014, where a protocol adapted from Elshire et al. (2011) was used to generate sequencing libraries and genotyping with illumina sequencing. DNA concentrations were determined using Quant-iT-PicoGreen assay (Thermo Fisher Scientific). DNA samples of 150 ng were digested with ApeK1, a degenerate 5 base cutter, and subsequent libraries were sequenced on an Illumina HiSeq2000 at the Cornell University Institute of Biotechnology, Ithaca, NY. Libraries were 100 bp single end. The number of samples per lane was limited to 31 plus a negative control after estimating the number of reads 
Continued required to produce a data set with no missing data and an adequate number of SNPs. Known allotetraploid accessions were sampled twice, each of the two samples with separate barcodes, in recognition of the fact that they represent two diploid genome equivalents (one for each homoeologous genome). The genome sizes of the tetraploids are about double the diploid genome size (Hammatt et al., 1991; Coate & Doyle, 2010) .
Read processing and SNP identification
Reads were de-multiplexed using FastX Toolkit (FASTQ/A Barcode splitter) (http://hannonlab.cshl.edu/fastx_toolkit/). Only reads with the ApeK-1 site were selected. The ApeK-1 sites were removed using Cutadapt (https://cutadapt. readthedocs.org/en/stable/). Low quality reads were filtered with fastq_quality_filter (a FastX tool) (min. quality of 20). All the reads were trimmed to 80 bp with fastx_trimmer (another FastX tool). Reads were mapped to the reference genome (G. max version version Wm82.a2.v1) using Bowtie2 with the verysensitive switch enabled (Langmead & Salzberg, 2012) . Unmapped reads were removed and Bam files were sorted with Samtools (Li et al., 2009) . SNPs relative to the reference genome were then called using FreeBayes (Garrison & Marth, 2012 ) with a minimum mapping quality of 20 and a minimum read coverage of 5; VCF files were combined and changed to Hapmap and Fasta formats using MultiVcfTool and Hapmap2-Fasta (https://github.com/aubombarely/GenoToolBox).
Homoeologue read identification by diploid consensus sequence-guided assembly
For homoeologous SNP identification, a diploid consensus file was built for each of the species groups (A, including Glycine clandestina and G. canescens accessions; D1, with G. tomentella D1 accessions; D3, with G. tomentella D3 accessions; and D4, with G. syndetika accessions) using Samtools (Li et al., 2009) and Gffread from the Cufflinks software package (Trapnell et al., 2010) . A progenitor reference set was created for each of the polyploid species joining the diploid consensus sets (T1 ¼ D1 þ D3, T2 ¼ D3 þ D4 and T5 ¼ A þ D1) to create specific allopolyploid references. Reads from the polyploid species were mapped with Bowtie2 using these reference sequences. Sam mapping files were processed to identify reads according the preferential mapping with each of the progenitors using the Perl script, SeparateHomeolog2Sam (https://github.com/ aubombarely/GenoToolBox/blob/master/SeqTools/SeparateH omeolog2Sam). Reads with mapping score AS and XS ¼ 0 (No SNPs) were kept and used to rebuild the polyploid reference using Samtools (Li et al., 2009) and Gffread (from the Cufflinks package (Trapnell et al., 2012) ). Once the reads were separated according the homoeologue mapping, they were mapped back to the soybean genome. Homoeologous SNPs were called as described above for the complete data set.
SNPs from the dataset in which SNPs from allopolyploids were partitioned into their two homoeologues ("homoeologue data set") were concatenated to create a supermatrix with 83 operational taxonomic units (OTUs). The two homoeologous gene copies from each allopolyploid were treated as individual OTUs; for example the D1 and D3 homoeologues of T1 individuals were treated as T1_D1 and T1_D3, respectively. Alignment files were produced from the SNPs. The resulting Hapmap format was changed to fasta format using a Perl script. FastA files were converted to Nexus format for phylogenetic analysis using an online conversion site http://sequenceconversion.bugaco.com/ converter/biology/sequences/index.html.
Phylogenetic networks
The resulting whole genome and homoeologue separated SNP matrices were used to visualize phylogenetic relationships and reticulations by using NeighborNet with the default parameters. NeighborNet is a network method implemented in the SplitsTree package (Huson & Bryant, 2006) where SNP data are used to create pairwise distance matrices.
3 Results 3.1 Genotyping by sequencing, read numbers and SNP mapping Selecting only reads with the ApeK1 site provided an average of over 7.9 million (M) raw reads per accession (6.9 M for 
diploids, 11.2 M for polyploids; Table 2 ). Raw reads were processed to remove the ApeK1 recognition site and low quality reads, this reduced the average number of reads per accession to 4.7 M reads. An average of 56.5% of processed reads mapped to the reference, resulting in 2-4 M mapped reads per accession ( Table 2 ). Note that the species with the highest number of samples (Glycine tomentella D1/D2), had the lowest number of GBS sites with complete sampling (i.e., no missing data). Mapped reads occurred at $10 000-40 000 sites in the soybean genome, for a total coverage of 7-10 M soybean nucleotides.
Doubling the representation of each tetraploid accession had the desired effect of ensuring that read depths were approximately equal between diploids and tetraploids on a per genome basis. Indeed, the tetraploid read depths were slightly higher, averaging 29 reads versus 26 across all diploids. This resulted in the identification of $25 000-65 000 SNPs per taxon ( Table 2 ); note that all reported SNP-bearing nucleotide positions were scored for all accessions, with no missing cells in data columns. The alignment of all taxa included 22 806 SNPs. For diploid accessions, 5-6% of data columns were found to have more than one nucleotide state, setting a ceiling for heterozygosity (some of this variation could also represent unrecognized paralogues from the 5-10 MY Glycinespecific whole genome duplication; Egan & Doyle, 2010) . For allopolyploids, the number was much higher, 18-26%, which is expected in fixed hybrids prior to the separation of SNPs into homoeologous contributions.
Relationships among the diploids only and the entire dataset
The phylogenetic relationships among the diploid accessions depicted by NeighborNet (Fig. 2) showed treelike relationships, as expected. Diploid genome groups A, D and E (Hymowitz et al., 1998) were widely separated, as expected from previous phylogenetic analyses of single genes (reviewed in Sherman-Broyles et al., 2014) . The root would be placed along the long central branch, between the D and E genome group sister pair (G. tomentella s.l. D3 and D1/D2, respectively) and the A genome species (G. syndetika D4, members of the G. clandestina species complex, and G. canescens F.J. Herm.). The split among G. syndetika accessions delineates two distinct subgroups. This was unexpected, but is in agreement with transcriptomic data from a subset of the accessions studied here . The longer branch lengths, representing the greater genetic distance (deeper coalescence) among G. clandestina species complex accessions, relative to the two G. syndetika subgroups, supports previous hypotheses that G. clandestina encompasses a species complex rather than a single widely distributed and diverse species (Pfeil et al., 2001 ). The close relationship of G. canescens and G. clandestina has also been suggested on the basis of morphology (Pfeil et al., 2001) .
The D and E genome groups are composed of G. tomentella s.l. D3 and D1/D2 respectively (Hymowitz et al., 1998) , which previous single gene studies have weakly supported as sister taxa Rauscher et al., 2004) . Species delimitation and taxonomic revision of these two taxa are the focus of ongoing studies (Sherman-Broyles et al., unpublished data). The placement of D3 accession 1686 as a deeply diverged subgroup of D3 was unexpected. The depth of divergence between the main group of D3 and accession 1686 was similar to the two subgroups of G. syndetika. This accession is sympatric with genetically typical D3 accessions; in contrast, D3 accession 2586, the sole accession known from Western Australia (WA, highlighted in Fig. 2 ), 1700 km from the nearest known D3 population, groups with accessions from the Queensland coast, supporting the previous conclusion ) that 2586 is a recent migrant from the core range of the species.
The NeighborNet network of all 70 accessions based on 22 806 SNPs showed allopolyploids as intermediate between diploid progenitor species, with connections to both (Fig. 3) . The genomic origins of fixed hybrid allopolyploids corroborated previous hypotheses Bombarely et al., 2014) . Glycine dolichocarpa T2 was placed intermediate between its two progenitor taxa, G. syndetika D4 and Glycine tomentella s.l. D3. Glycine tomentella s.l. T1 also appeared between its two progenitors, G. tomentella s.l. D1/D2 and D3, but T1 accessions were placed in two different parts of the network. Glycine tomentella s.l. T5 was placed closer to its G. tomentella s.l. D1/D2 progenitor than to its other progenitor in the G. clandestina clade. The intermingled placement of the G. dolichocarpa T2 1854 accession from Taiwan, China, in the network (highlighted in Fig. 3 ) with accessions from Australia suggests that dispersal to Taiwan is not ancient enough for this disjunct population to have diverged significantly. Number of unique locations in the G. max reference genome to which reads mapped; 5 Total length of mapped reads with no missing data.
To explore relationships of allotetraploid species further, each allopolyploid triad was analyzed individually (e.g., T1 accessions were analyzed with D1/D2 and D3 accessions; Fig. S1 ). The T1 allopolyploid network had the same general appearance as the T2 and T5 networks, suggesting that the separation of T1 accessions into two groups in Fig. 3 was an artifact caused by the inclusion of accessions from outside the triad. In all three individual allopolyploid triad analyses, the distances between Fig. 3 . NeighborNet depicting the phylogenetic relationships of diploid and tetraploid taxa without homoeologue separation based on 22 806 SNPs. Arrows indicate misidentified accessions, thought to be diploid but placed with allopolyploids in this study. Red arrow ¼ D2_1783, green arrow ¼ D4_1784, blue arrow ¼ D1_2326. each diploid and the allopolyploid are similar, in contrast to the appearance of allopolyploid T5 as closer to G. tomentella s.l. D1/ D2 than to G. clandestina as seen in Fig. 3 , again suggesting that the unequal distance in Fig. 3 was artifactual.
Three accessions classified as diploid were located in the network in positions that suggest they are allopolyploids. Each of the three anomalous accessions is indicated by an arrow (Fig. 3) and were not included in the analysis shown in Fig. 2 . Accession G2326 was classified as a G. tomentella s.l. D1/ D2 but groups within the G. tomentella T5 accessions. Accession G1783 was also thought to be a D1/D2 accession but it groups with other G. tomentella s.l. T1 accessions. Accession G1784 was classified as G. syndetika D4 but is placed among accessions of G. dolichocarpa T2.
Homoeologous genome relationships among diploid progenitors and allopolyploids
Mapping of the allopolyploid reads to their progenitor subgenomes reduced the number of SNPs due to elimination of reads mapping to both subgenomes with the same score. This procedure resulted in 4578 to 21 568 SNPs per homoeologous genome (Table 3 ). The complete SNP set across the four homoeologous subgenomes with no missing data in any location included 2603 SNPs. The NeighborNet network from the distance matrix computed from 83 OTUs (Fig. S2 ) was similar to the diploid only network (Fig. 2) , removing the reticulation evident in the full dataset (Fig. 3 ) and returning to a treelike pattern with the expected four groups: 1) diploid G. tomentella s.l. D1/D2 and the D1/D2 homoeologous subgenomes of G. tomentella s.l. T1 and T5; 2) G. tomentella s.l. D3 and the D3 homoeologous subgenomes of T1 and G. dolichocarpa T2; 3) G. syndetika D4 and the D4 homoeologues of G. dolichocarpa T2; and 4) G. clandestina and the cla homoeologous subgenome of T5.
A notable feature of the homoeologous SNP network was that each homoeologous genome of each allopolyploid formed a discrete group within the associated group of diploid accessions. This was seen most strikingly for the G. dolichocarpa D4 homoeologues, which grouped together sister to one of the two G. syndetika D4 subgroups (Fig. 4A) . Similarly, the D3 homoeologues of T1 and T2 formed separate clades, each related to a different subset of G. tomentella s.l. D3 accessions (Fig. 4B) . A similar pattern was also seen with the G. tomentella s.l. D1/D2 accessions and the D1/D2 subgenomes of G. tomentella s.l. T1 and G. tomentella s.l. T5 D1/D2 subgenomes: each allopolyploid subgenome formed a group related to different D1/D2 accessions (Fig. 4C) .
Discussion
GBS in the soybean genus
The use of GBS for cultivated soybean has focused on crop improvement through genomic selection and quantitative trait mapping (Sonah et al., 2013; Bastien et al., 2014; Jarqu ın et al., 2014; Sonah et al., 2015; Zhou et al., 2015; Torkamaneh et al., 2016; Heim & Gillman, 2017) . These studies provided us with information about a suitable restriction enzyme, ApeK1, and an estimate of the number of restrictions sites it would generate in the genomes of congeneric soybean relatives with similar sized genomes (over 675 000 sites; Fig. S3 ). The availability of a genome sequence to map GBS reads ensures that contaminating sequences are eliminated and increases the total number of SNPs retained for downstream analyses (Andrews et al., 2016; Stetter & Schmid, 2017) . Mapping short reads to a reference can provide genomic location information, but although considerable shared synteny is expected between soybean and perennial species based of comparative mapping of a B genome species (Chang et al., 2014) , this cannot be assumed for the species studied here, none of which currently have linkage maps.
Genome-wide SNPs from GBS versus transcriptome
The number of individuals sampled per lane was kept relatively low in comparison to other GBS studies to optimize read depths across as many loci as possible. Read depths of 20-30x allowed us to retain only those loci with complete data for all accessions and to generate a large number of relatively high confidence SNPs (Fountain et al., 2016) (Table 2 ). Higher read depths are important in species with variation in genome size, transposable element and repeat content, which are characteristics of many plant genomes (Andrews et al., 2016) . The current study included 31 accessions per Ilumina HiSeq lane while sampling each tetraploid accession twice, for a total of 70 accessions.
The previous investigation of genome-wide SNPs in perennial Glycine using transcriptome data included 24 accessions sequenced across 6 lanes of Illumina HiSeq (23 of the same accessions are present in the current data set). The transcriptome data set resulted in 237 243 SNPs across taxa with no missing data compared to the current study's 22 806 SNPs across all taxa. At first glance this roughly tenfold difference is striking. However, tightly linked SNPs are of limited utility for phylogenetic comparisons, being historically non-independent. Thus, it is more relevant to consider that the transcriptomic SNPs were located in around 25 000 genes , a number much closer to the 10 000-20 000 GBS sites (based on ApeK1 recognition/digestion sites) per species in this study (Table 2) . In both cases, there is a further reduction in historically independent (unlinked) SNPs due to the high degree of linkage disequilibrium (LD) known from annual Glycine (Hyten et al., 2007; Song et al., 2015) and thus expected in these largely selfing perennial Glycine species. Because the restriction recognition sequence of ApeK1 is GC-rich, reads are expected to preferentially occur in genic regions, thus a similar reduction in the number of independent SNPs would be expected, on this basis, for both transcriptomic and GBS data. Non-genic GBS reads occurring between genes with GBS hits could be a source of SNP nonindependence not found in the transcriptome data. Ultimately, SNP density seems less important than broad coverage of the genome, and GBS provides that to a degree quite comparable with transcriptome data for these species. GBS SNP sites depicted in black in Fig. S3 occur on average every 48.2 kb through the G. max genome (Fig. S3 ) in a pattern shaped by the gene density of the soybean genome (Schmutz et al., 2010) and thus nearly identical to the transcriptome data for the same taxa .
Homoeologue separation resulted in significant reduction in the number of SNPs in both studies: a 2/3 reduction (to 75 958) in the transcriptome analysis and a nearly tenfold reduction (2603) with GBS data. This presumably is due to the fact that the longer contigs obtained from transcriptome data are more readily assigned to a homoeologous genome than are the 80 base GBS reads.
NeighborNet and the utility of genotyping by sequencing for the identification of allopolyploids and their progenitors
The diploid only network represented the phylogenetic relationships among the diploids and had a tree like structure (Fig. 2) , in contrast to the reticulate nature of the figure including the allopolyploids (Fig. 3) . Reticulations were eliminated when several accessions classified as diploids were removed from the analysis. The ability to detect such misclassified accessions makes the combination of GBS and network analysis very valuable for germplasm curation. Interestingly, each of the misidentified accessions was thought to be a diploid and therefore was only included once in the sequencing reactions whereas known tetraploids were included twice. The newly identified allopolyploid accessions were not included in the homoeologue separation analysis because the lower read depth would reduce the number of loci more than was already the case. A recent study has similarly reported the use of GBS to distinguish polyploids from diploids (Gompert & Mock, 2017) .
The value of network analysis for identifying allopolyploids and determining their diploid progenitors in a large germplasm collection or systematic study is that the many conflicting signals present in the data can be depicted in the figure. The major conflicting signal in an allopolyploid when it is treated as a diploid prior to homoeologue separation is hybridity, because SNPs shared with diploids connect its homoeologous genomes equally to its two progenitors, assuming that they are included in the analysis. This would also be true of F1 diploid hybrids, with backcross progeny showing proportionately greater relationship with the recurrent parent. When a single allopolyploid and its diploid progenitors were investigated using NeighborNet, the distance from the allopolyploid relative to each diploid was relatively equal (Fig. S1 ) but when a progenitor was replaced by another diploid species the distance to the non-progenitor was increased (data not shown).
Increased sampling and homoeologue separation
Increasing the sampling of G. syndetika D4 from three accessions (in our previous transcriptomic study; Bombarely et al., 2014) to ten here (one other G. syndetika accession, G1784 appears to be a G. dolichocarpa T2 accession) showed that only one subgroup of G. syndetika D4 contributed to G. dolichocarpa T2. In the transcriptomic study, the sole representative of the second G. syndetika D4 clade was considered a possible hybrid based on an interpretation of its analysis using Structure (Pritchard et al., 2000) . As noted by (Falush et al., 2016) such misinterpretations may be quite common. Regardless, increasing the sampling of G. dolichocarpa and including other allopolyploids in the Glycine polyploid complex will be necessary to determine how the subdivided G. syndetika D4 has contributed to polyploid evolution. Specifically, G. syndetika D4 is a progenitor of another allopolyploid, G. pescradrensis Hayata, and it will be of interest to determine which of the two subgroups contributed its genome to that species.
A similar pattern is seen in G. tomentella s.l. T5, where two G. clandestina accessions group closely with T5 clandestina subgenomes (Fig. 4A ). This result was not unexpected because gene phylogenies (JJD & A. N. Egan, unpublished data) and morphological data (Pfeil et al., 2001 ) indicated that G. clandestina is a complex that could represent four or more species. Increased sampling of G. clandestina will be useful in delimiting species and understanding their contributions to allopolyploid genomes. Allopolyploids T1 and T5 share D1/D2 as a progenitor. We have sampled all of the available D1/D2 accessions and network analysis following homoeologue separation indicates that the D1/D2 subgenomes of T1 and T5 form groups distinct from one another, each derived from only a subset of the gene pool of this variable diploid species (Fig. 4C) .
Studies of Glycine allopolyploids using a low copy nuclear gene and chloroplast spacer regions (Doyle et al., 2004 and Doyle JJ, unpublished data) have shown that both T1 and G. dolichocarpa T2 likely originated multiple times. Evidence for multiple origins is provided by the grouping of alleles from different tetraploid accessions with those of different diploid accessions. That no such pattern is seen with genome-wide homoeologue-separated GBS data presumably is due to the fact that gene flow within each tetraploid species will homogenize patterns of allele sharing across a homoeologous genome, such that all tetraploids will be more similar to one another genetically than any will be to the genome donor, whose individuals are also continually exchanging alleles (even if only at low frequency in these self-compatible species) at all of their loci. This also presumably accounts for the separate groupings of accessions from different allotetraploid species that share a diploid genome donor. For example, the D1/D2 homoeologous genomes of T1 and T5 accessions each form separate groups presumably because gene flow occurs within T1 and T5, but not between individuals of these reproductively incompatible allopolyploids.
The G. tomentella allopolyploid with the greatest sampling in the CSIRO germplasm repository is G. tomentella T1 (177) and the diploid with the greatest sampling involved in known polyploids is G. tomentella D3 (57). Further sampling and analysis of D3 may expand the number of accessions similar to the D3 1686 subgroup. The contribution of D3 subgroups among four allopolyploids G. tomentella s.l. T1 and G. dolichocarpa T2 as well as G. tomentella s.l. T3 and T4
(currently under study) could provide additional insights into recurrent and multiple origins of polyploids in the tomentella complex.
Research into the origin of polyploid species and their subsequent adaptation will continue to benefit from the advent of short read and other sequencing technologies (Burrell et al., 2015; Qi et al., 2015; Rothfels et al., 2017; Stetter & Schmid, 2017) . Newly developed data analysis methods will make the identification of allopolyploids and studies of their evolution tractable (Jones et al., 2013; McKinney et al., 2017; Gompert & Mock, 2017) . GBS data, coupled with network analysis, provides an affordable option to sample more accessions than previous methods and investigate additional questions about polyploid evolution.
Data Sharing/Archiving
Upon publication of this study and a study delimiting Glycine tomentella D1/D2, all of the sequence data from this project will be available at the short read depository at NCBI.
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